Whether protein evolution is mainly due to fixation of beneficial alleles by positive selection or to random genetic drift has remained a contentious issue over the years. Here, we use two genomewide polymorphism data sets collected from chicken populations, together with divergence data from .5,000 chicken-zebra finch gene orthologs expressed in brain, to assess the amount of adaptive evolution in protein-coding genes of birds. First, we show that estimates of the fixation index (FI, the ratio of fixed nonsynonymous-to-synonymous changes over the ratio of the corresponding polymorphisms) are highly dependent on the character of the underlying data sets. Second, by using polymorphism data from highfrequency alleles, to avoid the confounding effect of slightly deleterious mutations segregating at low frequency, we estimate that about 20% of amino acid changes have been brought to fixation through positive selection during avian evolution. This estimate is intermediate to that obtained in humans (lower) and flies as well as bacteria (higher), and is consistent with population genetics theory that stipulates a positive relationship between the efficiency of selection and the effective population size. Further, by comparing the FIs for common and all alleles, we estimate that %20% of nonsynonymous variation segregating in chicken populations represent slightly deleterious mutations, which is less than in Drosophila. Overall, these results highlight the link between the effective population size and positive as well as negative selection.
Introduction
A central theme of Darwin's tenet of evolution by natural selection is that evolutionary change is governed by the spread and subsequent fixation of favorable traits. However, empirical demonstration of selection on standing genetic variation in natural populations remains difficult. The advent of molecular biology by the 1960s, including the accumulation of protein and DNA sequence data, provided new means for addressing evolution by natural selection in the genetic material itself (Zuckerkandl and Pauling 1965) . Intriguingly, this led initially to the reasoning that selection was unlikely to be the main force responsible for evolutionary change at the molecular level (Kimura 1968; King and Jukes 1969) , as formulated in the neutral theory of molecular evolution. Since then, whether protein evolution mainly proceeds by random fixation of neutral variation or by selection acting on advantageous mutations has been a topic of much controversy (Nei 2005) . However, there is an accumulating body of evidence from comparative genomics to suggest that natural selection is indeed important for the evolution of protein-coding genes Nielsen et al. 2005; Clark et al. 2007; Kosiol et al. 2008) . Main questions now include determining what proportion of amino acid changes can be explained by natural selection and how this varies among evolutionary lineages. From a methodological point of view, an important issue is how large-scale genomic data should be used to obtain unbiased estimates of the relative importance of natural selection in DNA sequence evolution.
In order to be able to quantify the importance of drift and selection during molecular evolution, McDonald and Kreitman (1991) suggested a test based on the neutral theory of molecular evolution. In this test (the McDonaldKreitman or MK test), substitutions at a protein-coding locus are partitioned into nonsynonymous (A) and synonymous (S) changes. The ratio of A to S changes between species is then contrasted with the ratio of A to S changes of polymorphic sites within species. As the neutral theory stipulates that the vast majority of polymorphisms segregating in a population are neutral, the ratio of A to S changes between species is expected to equal that observed within species. Deviations from this expectation would indicate selection of some kind (Eyre-Walker 2006) . For instance, a larger A/S ratio observed between than within species suggests that positive selection has driven a proportion of amino acid altering mutations to fixation (McDonald and Kreitman 1991) . The opposite would indicate that there are slightly deleterious mutations segregating in the population, which eventually will be removed by purifying selection before reaching fixation. Although the MK test usually takes the ratio of nonsynonymousto-synonymous changes, the test can be applied to any pair of sequence categories within a locus, provided that they have the same mutation rate (Andolfatto 2005; Gojobori et al. 2007) .
Large-scale quantification of the role of natural selection in protein evolution using the MK test has mainly focused on fruit flies of the genus Drosophila Bierne and Eyre-Walker 2004; Welch 2006; Shapiro et al. 2007 ) and humans (Fay et al. 2001; CSAC 2005; Zhang and Li 2005; Gojobori et al. 2007; Boyko et al. 2008) , which are among the only few species for which both genome sequences and large-scale polymorphism data are available. These studies have provided a wide range of estimates of the fraction of amino acid changes driven by adaptive evolution (see Discussion), a variation that may relate to species-specific characteristics and/or methodological issues. As for the latter, the simplicity of the MK test makes it a very attractive test for selection; it does not require many assumptions, like the dominance of new mutations, and seems robust to violations of most of them (Eyre-Walker 2006; but see Hughes 2007) . However, the way allelic data are sampled might affect the outcome of the test. For example, polymorphism data should have been collected by de novo resequencing rather than by genotyping of known polymorphisms, to avoid an ascertainment bias for common alleles (Clark et al. 2005; Gojobori et al. 2007) . Also, sequencing errors may skew the distribution of polymorphisms of different types, as errors are likely to more severely affect rate estimates of rare types of polymorphisms (ICPMC 2004 ). Another confounding factor relates to the presence of slightly deleterious mutations in polymorphism data. Selection against such alleles normally prevents them from fixation but may at the same time not be strong enough to prevent them from segregating in the population. The A/S ratio of polymorphisms will in those cases no longer be a neutral standard as required for the MK test. On a related note, because the efficiency of selection depends on the effective population size (N e ), deleterious alleles will occasionally get fixed in small populations (e.g., Li 1997) . This becomes an issue if N e fluctuates over time so that deleterious mutations that in the past could drift to fixation (at low N e ) do not reach high frequencies in a current population with high N e (Eyre-Walker 2002) .
In this study we attempt to quantify the role of natural selection in driving protein evolution in birds. The purpose of the study was 2-fold. First, given the very large difference in estimates of the fraction of amino acid changes that can be explained by adaptive evolution in fruit flies and humans, we wanted to extend the analysis to another evolutionary (vertebrate) lineage, to possibly gain clues to what factor/s may explain this variation. We use data from orthologous genes in chicken and zebra finch to obtain interspecific divergence estimates and polymorphism data from chicken populations to obtain intraspecific diversity estimates. Second, we wanted to explore the pitfalls associated with using different kinds of data sets for estimating adaptive evolution.
Material and Methods

Divergence Data
We used data from alignments of 5,408 chicken-zebra finch orthologs as described and presented in Axelsson et al. (2008) . Briefly, these alignments were originally obtained by reciprocal Blast searches between .20,000 unique zebra finch transcripts, retrieved from sequencing of multiple brain cDNA libraries and all known and ab initio predicted protein-coding genes in the chicken genome. Most zebra finch sequences represent full-length cDNAs. Alignments were obtained using DIALIGN2 based on amino acid translations and with gaps removed. The evolutionary distance between chicken and zebra finch (mean synonymous substitution rate, d S , is 0.48 for genes analyzed herein) should neither be too long nor too short for reliable divergence estimates. However, alignments that were either shorter than 100 bp or exhibited signs of saturated sequence divergence (d S . 2) were excluded, as parameter estimation is unreliable in such sequences. Codeml (PAML package version 3.15) was used to estimate the number of nonsynonymous and synonymous differences in each alignment.
Polymorphism Data
We downloaded two publicly available data sets of single nucleotide polymorphisms (SNPs) in the chicken genome. These data sets, which will be referred to as BGI (http://genome.ucsc.edu/) and BBSRC (http://www.chick. umist.ac.uk/), were gathered using different sampling strategies as described below.
BGI
Shotgun genome sequencing at 0.25Â coverage was performed at the Beijing Genomics Institute (BGI) on three domestic chicken breeds: one bird each of a Broiler, a Layer, and a Silkie (ICPMC 2004) . The two former represent commercial European breeds, whereas the latter is a Chinese fancy breed. Based on the comparison of the resultant sequences to the draft chicken genome sequence (obtained from a red jungle fowl, at 6.6Â coverage, ICGSC 2004), a total of 2.8 million SNPs were detected. These polymorphisms are expected to be more or less randomly distributed across the genome. Validation experiments have confirmed an average of 94% of the detected SNPs (ICPMC 2004) . However, this figure is expected to be lower for rare classes of polymorphisms; for nonsynonymous polymorphisms only 83% could be validated.
Using perl scripts, we extracted the fraction of all SNPs (29,687) in the BGI data set that had been mapped to known and ab initio predicted autosomal protein-coding chicken genes identified by Ensembl in the WASHUC 1 assembly of the chicken genome (Genebuild Ensembl, December 2005; http://www.ensembl.org/Gallus_gallus/ index.html). We subsequently partitioned the data into nonsynonymous and synonymous classes, choosing the shortest evolutionary pathway in case multiple mutations per codon were present.
BBSRC
This collection of polymorphisms was gathered from the comparison of redundant and overlapping expressed sequence tags (EST) as available in the BBSRC (Biotechnology and Biological Sciences Research Council) Chick-EST Database (http://www.chick.umist.ac.uk/). This database is comprised of 339,314 chicken EST obtained from 64 cDNA libraries that were generated from 21 different embryonic and adult tissues (Hubbard et al. 2005) . Both normalized and nonnormalized libraries were used. The tissues used for RNA extraction and cDNA construction were usually collected from several different individuals; in the case of embryonic tissues sometimes hundreds of individuals were required (Overton I, personal communication). In addition, different chicken strains were used to gather separate tissues (White Leghorn IAH strain, White Leghorn Hisex breed, Ross 308 broilers, Lohman Brown Hybrid layers, Isa Brown layers, and Bantam). Given the high degree of redundancy of these ESTs, the data set has the character of a population sample where many unrelated individuals are sampled for most polymorphisms. As such, the abundance of individual allelic variants in the data set should represent a fair estimate of the 1074 Axelsson and Ellegren corresponding allele frequencies in a broad range of chicken populations. For this study, we downloaded a set of 11,000 high-confidence SNPs each provided with information on the number of sequences that were sampled and how often the respective alleles were observed. To minimize false polymorphisms arising from potential sequencing errors, we requested that variant alleles were seen in at least two sequence reads. Using 100-bp sequence surrounding each SNP, we placed 2,568 of these polymorphisms in autosomal chicken genes by BlastN searches against all known and predicted Ensembl chicken protein-coding transcripts, applying an E-value threshold of 1 Â 10 À30 . The number of nonsynonymous and synonymous polymorphisms was finally recorded for each gene.
MK tests
In order to test for selection, we calculated the fixation index (FI) which is defined as the ratio of fixed A to S changes over the ratio of polymorphic A to S changes. An FI-value greater than 1 indicates adaptive evolution, which is because advantageous nonsynonymous mutations are likely to rapidly become fixed, and contribute to divergence, without leaving a blueprint on the polymorphism data (McDonald and Kreitman 1991) . At the locus level, the number of polymorphisms in the two SNP data sets used here is typically too low to yield enough power to detect deviations from neutrality. We therefore summed polymorphisms, as well as fixed differences, across all available loci before calculating the FI. As this approach may overestimate the amount of adaptive evolution if levels of polymorphism and constraint are negatively correlated (Smith and Eyre-Walker 2002), we followed the approach described by Gojobori et al. (2007) by estimating the expected fixation index (eFI) to compensate for this potential bias. First, the expected contingency table values under neutrality are calculated for each locus individually. Expected counts of the two types (A and S) of fixed and polymorphic differences are obtained by dividing the product of the marginal sums with the total count for each locus. The eFI is then calculated from the sum of these expected values across all genes. Subsequently, when testing for selection, the neutral reference to which the observed FI is contrasted is eFI instead of FI 5 1. We used this approach on both of the data sets presented here and assessed the significance of potential deviations from neutrality using permutation tests of 1,000 repetitions, and 95% CI determined via bootstrap simulations with 1,000 repetitions. Finally, the proportion of amino acid changes driven to fixation due to positive selection (a) was calculated as (FI À eFI)/eFI.
Because purifying selection will force slightly deleterious alleles to segregate at lower frequencies than neutral alleles, clearing low-frequency alleles from the data prior to estimating a should reduce the bias caused by slightly deleterious alleles on the quantification of adaptive evolution (Fay et al. 2001; Charlesworth and Eyre-Walker 2008) . We thus partitioned the BBSRC polymorphism data into rare and common alleles and repeated the estimation of FI and a. The influence of deleterious alleles will decrease as the allele frequency increases. It has been shown that the effect is small when using a minor allele frequency threshold above 0.15 (Charlesworth and Eyre-Walker 2008) . To be conservative, we defined common polymorphisms as those having a frequency .0.2. This analysis was limited to polymorphisms at sites that had more than a 10-fold redundancy, that is, that were covered by !10 sequence reads. As an alternative, we also made an analysis where the threshold was set to .0.125. As this analysis was restricted to sites that were covered by !16 reads (to be able to maintain the basic criteria of deviant alleles to be seen at least twice), it is based on less data than the former analysis.
Results
The approach taken in this study was to contrast the ratios of nonsynonymous-to-synonymous changes in fixed interspecific substitutions and segregating intraspecific polymorphisms, to be able to quantify adaptive evolution in birds. Table 1 summarizes the observations from the two chicken diversity data sets and the divergence data from the comparison of .5,000 orthologous chicken and zebra finch genes. The A/S ratio is higher in the diversity sets than in the divergence data, particularly so for the BGI shotgun data (0.477 vs. 0.242). Somewhat surprisingly, this suggests FIs , 1 (for BGI, FI 5 0.507; for BBSRC, FI 5 0.861) with an excess of nonsynonymous substitutions segregating in chicken populations.
Comparisons of patterns of substitution in polymorphism and divergence data that originate from partially or completely separate gene sets may result in biased inferences of selection (cf. Fay et al. 2001) . In order to assess the impact of such a bias on our inferences, we extracted polymorphisms from the BGI and BBSRC data sets that map to those genes for which chicken-zebra finch divergence data were available. Similarly, we excluded those orthologous gene pairs that were not represented in the SNP surveys, ensuring that polymorphism and divergence estimates originated from the same gene set. As shown in table 2, this resulted in a marked reduction in A/S ratios for the two diversity sets and, as a consequence, an increase in FI. Still, the FI of the BGI set (FI 5 0.809, 95% CI 5 0.754-0.862) is significantly smaller than 1, whereas the FI of the BBSRC set (1.070, 95% CI 5 0.935-1.231) is now close to the neutral expectation of FI51.
Precaution needs to be taken when estimating FI based on summed observations of the number of nonsynonymous and synonymous substitutions across genes. Specifically, when the level of selective constraint correlates negatively with the amount of genetic variation this may lead to false inferences of adaptive evolution (Smith and EyreWalker 2002) . We found very weak yet significant negative correlations between the per-locus ratio of polymorphic to divergent sites and the ratio of the number of A to S sites (segregating and fixed sites combined) in both of the data sets (for BGI, r 2 5 À0.007, p 5 7.01e À6 ; for BBSRC, r 2 5 À0.0304, p 5 6.32e À9 ). Although the biological significance of these weak correlations is unclear, to be conservative, we calculated an eFI for each data set and then used this (rather than FI 5 1) when testing for deviations from neutrality. eFI was 1.067 for BGI and 1.1 for BBSRC, so the observed FI's remain smaller than expected (table 2). As a was negative (À0.312, 95% CI À0.393 to À0.236) for the BGI set, it still indicates an excess of slightly deleterious mutations in chicken populations. For the BBSRC set, a (À0.029, 95% CI À0.170 to 0.096) is not significantly different from 0.
As indicated above, the presence of slightly deleterious mutations in a population hampers the ability to detect adaptive evolution. As mildly deleterious variants are unlikely to rise to high frequencies in a population, using data from common polymorphisms only offers a means for obtaining an unbiased estimate of the expected ratio of A/S changes under neutrality (Fay et al. 2001) . We therefore extracted polymorphisms from the BBSRC data set that had at least a 10-fold EST redundancy (A 5 139, S 5 697; only using genes for which divergence data was also available), to allow rough estimates of population allele frequencies. We subsequently partitioned polymorphisms based on allele frequency and calculated the A/S ratio separately for a class of common polymorphisms (.20% allele frequency; table 2). Given that the influence of slightly deleterious mutations on the A/S ratio of common alleles is expected to be minimal (Charlesworth and Eyre-Walker 2008) , a comparison of this ratio to that of all alleles will indicate the relative quantity of deleterious variation that segregates in the chicken genome. Based on this argument, we estimate that 23% ([139/697]/[70/455] 5 0.228) of the nonsynonymous variation observed in chicken is slightly deleterious. As the BGI data were obtained from only three individuals and given that very few coding sequence SNPs were scored in all of these three individuals, the BGI data are not sufficient for similarly partition polymorphism into rare and common alleles.
For common BBSRC polymorphisms, the A/S ratio was 0.154, which is now lower than the A/S ratio for fixed differences in the same set of genes (0.217) and thus indicative of adaptive evolution. The FI for these common polymorphisms is 1.410, and when contrasted to the eFI (1.128), it is significantly larger than neutral expectations (P , 0.05 by bootstrapping). Our results therefore indicate that an average of 20% (a 5 [1.410-1.128]/1.410 5 0.20) of all amino acid substitutions between chicken and zebra finch represent advantageous alleles that have been fixed by positive selection. The choice of allele frequency threshold for defining common alleles does not seem to have a significant effect on the results (table 2) . Using a cutoff of .0.125 (e.g., the rare alleles seen twice among 16 sequence reads), we arrive at a similar estimate of the proportion of advantageous fixations (a 5 [1.510-1.159]/1.510 5 0.23; however, the estimate is not significantly different from 0, which is likely due to the more limited amount of data in this analysis (P 5 0.131 by bootstrapping).
Discussion
Our analyses show how the character of polymorphism and divergence data influences estimates of the degree to which protein evolution is driven by fixation of advantageous mutations through positive selection. An important aspect of this is that both the technology and design of resequencing surveys and de novo sequencing will impact on the A/S ratio. Although genome shotgun sequencing should give polymorphism data for a fairly random set of genes across the genome, the gene set expressed in the particular tissue/s used for cDNA construction will obviously define EST sequencing. It is well known that the average selective constraint shown by genes varies according to tissue specificity or tissue of maximal expression (Duret and Mouchiroud 2000; Zhang and Li 2004) , including in birds (Axelsson et al. 2008) . Moreover, EST sequencing favors the collection of abundant and broadly expressed transcripts. Such genes, including many housekeeping genes, usually evolve under more constraint than genes expressed at lower levels or in specific tissues (Duret and Mouchiroud 2000; Subramanian and Kumar 2004; Winter et al. 2004; Zhang and Li 2004) . In our data, the effect may be seen in two ways. First, for both polymorphism data sets, the A/S ratio is lower in those genes for which we also had divergence data, obtained by using zebra finch EST sequences, than for the complete set of genes. The fact that the zebra finch sequences were collected from brain cDNAs is likely to augment this effect because brain genes tend to be more conserved than genes expressed in many other tissues (Duret and Mouchiroud 2000; Nielsen et al. 2005;  Axelsson et al. 2008 ). An analysis of reproductive or immunological genes, known to often evolve rapidly by positive selection, may therefore give a different picture. Second, the A/S ratio is lower in the BBSRC than in the BGI polymorphism data set, consistent with the former representing data from EST sequencing. An important conclusion from these observations is that attempts to quantify adaptive evolution from contrasting diversity and divergence data should use the same set of genes. Moreover, as the amount of adaptive evolution is likely to vary among different categories of genes, such quantification will be characteristic to the particular set of genes analyzed, as further discussed below. Furthermore, the role of different selection regimes (diversifying, directional or balancing selection) may differ among categories of genes (Hughes 2007) . The MK approach essentially scans for cases of directional selection operating on more than one or just a few individual sites of a gene. We also note that the distinct difference in the A/S ratio between the BBSRC (0.281) and BGI (0.477) sets at least in part may derive from sequencing artifacts. Errors are not uncommon in large-scale single pass EST sequencing (Buetow et al. 1999 ), but we sought to overcome the error prone nature of such efforts by requesting variant alleles to be scored at least twice to be included in our data. In contrast, the light genome shotgun sequencing nature of the BGI data (ICPMC 2004) implies limited redundancy, with each polymorphic site essentially scored just once. From validation studies, this has been shown to result in a higher error rate for nonsynonymous than for synonymous polymorphisms (ICPMC 2004) and, as a consequence, the A/S ratio is likely to be somewhat overestimated.
Quantification of Adaptive Evolution
Our estimate of the proportion of nonsynonymous substitutions driven to fixation by positive selection in birds (20%) is intermediate to that observed in Drosophila (29-45%) and humans (0-20%) (table 3). It is markedly lower than the estimated .50% for Escherichia coli and Salmonella enterica (Charlesworth and Eyre-Walker 2006) . The avian estimate is based on divergence data from a relatively distant comparison-the chicken (Galliformes) and zebra finch (Passeriformes) lineages split .80 Ma (van Tuinen and Hedges 2001)-and, as such, we do not know how representative it is for individual bird lineages and for contemporary populations. The distant comparison also means that it is difficult to generalize about the size of those ancient populations along the chicken and zebra finch lineages in which substitutions became fixed. However, it is not unreasonable to think of avian population sizes as typically intermediate to Drosophila and humans, and this lends tentative support from data of contemporary population. For chicken, we estimate N e to %10 5 based on mutation and polymorphism rate estimates from Axelsson et al. (2004) and ICPMC (2004) (note that such estimates by their nature are crude). In Drosophila melanogaster and Drosophila simulans N e %10 6 , whereas in humans N e %10 4 . This indicates a positive relationship between the amount of adaptive evolution and the effective population size (Ellegren 2009) , and would be consistent with population genetics theory, which stipulates that selection is more efficient in large populations (e.g., Li 1997) . The fixation probability P of a weakly selected new mutation is % 2s=ð1 À e À4N e s Þ, where s is the selection coefficient (Li 1997) . P becomes less dependent on N e when the latter increases. However, if the rate of adaptive evolution is limited by the appearance of new advantageous mutant alleles, larger populations provide more possibility for selection to act on such mutations (Gillespie 1994) . It should be noted that a dependency of N e on adaptive evolution does not exclude that other life history or ecological factors, like generation time, can also explain the extent of adaptive evolution. It will be an important area for future research, both theoretical and empirical, to analyze the various determinants of adaptive evolution.
One additional caveat in relation to our data is that polymorphism was recorded in a domestic species. Animal domestication has been associated with significant population expansions (Bruford et al. 2003) , something that may cause MK tests to spuriously infer adaptive evolution (Eyre-Walker 2006) . This is because less intensive selection in an ancestral population may have allowed the fixation of slightly deleterious mutations, which are no longer segregating in the contemporary population. On the other hand, this may be counterbalanced by the fact that domestication is thought to lead to an overall relaxation of genomic constraint (Björnerfeldt et al. 2006 ) and strong artificial selection may also make deleterious mutations to hitchhike to high frequencies (Gillespie 2000; Lu et al. 2006 ). It will therefore be important for future analysis to study adaptive evolution in birds using sequence data from wild populations. Deep transcriptome sequencing based on population samples, using next-generation sequencing technology, will be helpful in this respect.
Segregation of Slightly Deleterious Mutations
At the same time, as high N e implies increased possibility for adaptive evolution, it is also expected to give higher efficiency in the removal of deleterious mutations (Li 1997) ; genetic drift will have less influence on nonneutral mutations when populations are large. Recent comparative genomic analyses give empirical support for this expectation in the form of an apparently negative correlation between mean d N /d S (the ratio of the rate of nonsynonymous-to-synonymous (Lindblad-Toh et al. 2005) . This is consistent with the population size effect implicated in Ohta's model of nearly neutral molecular evolution (Ohta 1973) , in which small populations fail to remove all negative variants before those alleles drift to fixation. Moreover, estimates of the proportion of segregating deleterious variation go in the same direction: Approximately 40% of nonsynonymous intraspecific variation was found to be deleterious and removed by selection in D. melanogaster (Shapiro et al. 2007) , whereas data from human populations suggest that only 23% of nonsynonymous variation is removed (Fay et al. 2001) . Our estimate of deleterious nonsynonymous variation in chicken population (23%) is identical to that in humans. Although a value intermediate to that of humans and flies might have been expected from the point of view of effective population size (see above), our estimation is only approximate and may be subject to some bias. For example, our analysis makes no difference between ancestral or derived alleles. The category of rare alleles may therefore contain low-frequency ancestral alleles. Judging from the distribution of nonsynonymous and synonymous variation across different allele frequency classes in D. melanogaster, failure to distinguish between rare and high frequencyderived alleles can lead to the proportion of slightly deleterious variation being underestimated (Shapiro et al. 2007 ). On the other hand, at the same time as our filtering criterion for accepting sequence variants in the BBSRC EST data was set to avoid sequencing artifacts (requesting variants alleles to be seen at least twice), a small proportion of true rare alleles may have been removed. Therefore, our estimate of 23% of nonsynonymous variation representing slightly deleterious mutations in chicken populations should be taken as a lower bound.
Slightly deleterious alleles are obviously likely to have segregated also in ancestral populations, and this could have bearing on estimating the A/S ratio in divergence data. During evolutionary time, populations certainly vary in size, and this may include periods of population bottlenecks. Such periods should be associated with an increased fixation probability for deleterious alleles, potentially leading to elevated A/S ratios (Hughes 2007) . To what extent this affects quantification of adaptive evolution will depend on the incidence and duration of bottlenecks, something that is essentially not known. It would be valuable with simulations to address this issue.
Conclusions
We have used diversity data from EST and shotgun sequencing of chicken genes or genomes together with chicken-zebra finch divergence data to study the incidence and accumulation of nonneutral alleles during avian evolution. About 20% of all nonsynonymous substitutions are estimated to have been driven to fixation by positive selection, and a similar proportion of nonsynonymous polymorphisms segregating in chicken population is likely to represent slightly deleterious alleles. Being intermediate to that previously observed in primates and flies, we suggest that these frequencies reflect the idea that effective population sizes of birds are typically higher than that of primates but lower than that of flies. As all types of nonsynonymous substitutions are not likely to have the same phenotypic effect on protein function (cf. radical vs. conserved amino acid changes), an important line of further research should be to analyze the selective pressures acting on different categories of amino acid replacements. For example, it should be tested whether genetic drift plays a more important role for the accumulation on substitutions that maintain the same polarity or carbon composition of amino acids (cf. Tang et al. 2004) .
